In humans, a given amount of oxygen taken in by the body is always converted to ROS, such as O2 -, H2O2 and hydroxyl radical (OH·) by various enzymatic metabolism systems. 1 Because of their high reactivity, ROS affects various molecular components of the cell, like fatty acids, proteins and DNA, and an excess of ROS leads to cell degeneration and death.
binds tightly to the active site of XOD and causes inhibition. 6 However, the use of allopurinol is restricted by the formation of oxypurinol, which is known to cause side effects. 5 On the other hand, flavonoid has been considered as a potential source that not only has high activity, but also is widely distributed in nature. Studies on the flavonoids have shown a wide range of biological activity, such as antibacterial, antiviral, antiinflammatory, anticancer, antiallergic activities 7 and antioxidant by their radical-scavenging activity and metal-ion chelation. 8 The inhibition of XOD activity by various flavonoids was assessed. Most of the tested flavonoids were competitive inhibitors; among them, apigenin was the most potential inhibitor, quercetin ( Fig. 1 ) and myricetin showed a weaker interaction with XOD, and isovitexin had the weakest inhibitory effect. 9 Fruits, vegetables, and beverages, such as tea and red wine, are especially rich sources of flavonols. Tea, onions, and apples are the most predominant food sources of flavonols and flavones. 10 With the high contents of quercetin, all of the foods mentioned above are potential XOD inhibitors, which have been collected and investigated more to assess the efficacy of functional food ingredients.
Recently, many studies on screening the activity from natural resources have been carried out, and have shown their efficacy. One of the most common methods to monitor the XOD inhibitory activity is a direct spectrophotometric method, by which the XOD activity is measured in terms of uric acid formation, monitored by an absorbance change at 290 nm. However, the absorption of other components (such as acids) can interfere with a measurement of the absorbance at around 290 nm. 11 Additionally, uric acid formation requires a specific time to complete. In order to overcome these problems as well as to develop a rapid and convenient assay method for the XOD inhibitor, in the present investigation we constructed a doubleline FIA system based on a continuous monitoring of oxygen consumption in the XOD reaction. When the sample solution containing the XOD inhibitor was injected into the carrier stream, the xanthine-XOD reaction was inhibited, and thus the oxygen level that was amperometrically monitored with a Clark-type oxygen electrode decreased. The decrease in oxygen consumption reflected the XOD inhibitory activity of the tested samples. With many advantages (higher sampling through-put and convenience), the FIA system can be used to evaluate the functions of various kinds of samples in diverse fields.
Experimental
Reagents XOD (EC 1.2.3.2, 0.38 units/mg, from butter milk) was purchased from Oriental Yeast Co. Xanthine is from Nacalai Tesque Inc., while quercetin is from Sigma-Aldrich Co. Other reagents (allopurinol, ethanol, acetone, ethyl acetate, acetonitrile, HCl, NaOH, KH2PO4 and K2HPO4) were purchased from Wako Pure Chemical Industries Ltd. All solutions were prepared with water purified by a Milli-Q system (Millipore, Tokyo, Japan).
Food sample preparation
Green-tea samples, apples and onions were purchased at local supermarkets. Black-tea samples (Goishi Cya), which were produced under traditional processing, were obtained from producers living in Kochi province.
Tea (5 g) was mixed with 40 ml of 60% aqueous ethanol and 5 ml of 6 M HCl. After refluxing at 95˚C for 2 h, the hydrolyzed solution was filtered, then neutralized and made up to 100 ml with 60% aqueous ethanol. 12 A quarter of an onion bulb was minced into small pieces of approximately 0.5 cm, and then extracted with 80% ethanol. The solution was left for 24 h at room temperature, filtrated, and added 80% ethanol up to 100 ml. 13 Apple pomace was prepared by milling, pressing and drying the mash. The powder obtained after grinding was stirred with 70% acetone for 1 h at ambient temperature. After filtration, acetone was removed in vacuo, and then extracted three times with ethyl acetate (50 ml each). The combined extracts were evaporated to dryness in vacuo. The residue was dissolved in 80% ethanol (10 ml). 14 Those sample solutions were filtrated with a disposable filter (0.45 µm pore size; Dismic-25cs; Advantec, Tokyo, Japan) and diluted with suitable aqueous ethanol before being injected into the analysis systems.
FIA system with double line
A carrier solution containing XOD (solution A) was fed into a flow-through cell equipped with a Clark-type oxygen electrode (DKK-TOA corporation) after confluence with a sample stream containing the substrate xanthine (solution B) (Fig. 2) . Since the enzyme and the substrate solution were continuously fed into the carrier stream, the dissolved oxygen was consumed (Fig. 3) . A positive peak was observed when a sample solution (20 µl) having the XOD inhibition activity was injected into the carrier solution. The height of each peak depends on the inhibitory activity of each sample. The assay was carried out with 12.5 mM potassium phosphate buffer (pH 7.8). 8 
HPLC
The determination of quercetin in tea samples was carried out by the following HPLC method. The HPLC system comprised: Work Lab-degassor (Lab Quatec), L-7100 pump (Hitachi), L-4000 UV detector (Hitachi), D-2500 Chromato-integrator 106 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 Direct simple spectrophotometry The quercetin contents of onions and apples were determined by UV/Visible Spectrophotometer Ultrospec 3000 (Pharmacia Biotech). The samples were diluted with suitable aqueous ethanol, and then the absorbance was measured at a wavelength of 370 nm. 12, 13 
Results and Discussion

Optimization of the FIA system for XOD inhibitory activity
Before samples were injected, phosphate buffer and xanthine were pumped through the analytical system. The baseline (stage 1, Fig. 3 ) was horizontal, and showed a very high value due to the dissolved oxygen level. When the carrier solution containing XOD (solution A) was fed into a flow-through cell equipped with Clark-type oxygen electrode after confluence with a sample stream containing the substrate xanthine (solution B) (Fig. 2) , an enzymatic reaction occurred in the mixing coil. As a result, the dissolved oxygen was consumed (Fig. 3) . This led to a decrease in the baseline, which became a slope (stage 2, Fig. 3 ). Until the consumption of oxygen was completely finished, the baseline approached to zero. After obtaining a stable baseline, a sample solution (20 µl) having the XOD inhibition activity was injected into the carrier solution. Based on the inhibitory activity, the dissolve oxygen level increased and a positive peak was observed. The height of each peak depended on the inhibitory activity of each sample.
In order to obtain a sharp peak as well as to develop the utilization of the system, the assay condition should be optimized. The requirements of the system were not only to stabilize the baseline and the peak height, but also to satisfy economical requests. One of the most important points was to decrease in XOD consumption for assay because it costs highly. Apart from XOD concentration (Fig. 4) and xanthine concentration (Fig. 5) , other experimental parameters that affected the xanthine-XOD reaction in the system were the flow rate (Fig. 6 ) and the mixing coil length (Fig. 7) . These should be adjusted to obtain the most effective state for the reaction. The analytical conditions were optimized by monitoring the baseline and the peak current for allopurinol as a typical XOD inhibitor. Figure 4 depicts the effect of the XOD concentration on the baseline current and the response for allopurinol (3.0 mM). With an increase in the XOD concentration, the baseline current decreased and the peak height almost linearly increased up to the 200-mU/ml XOD concentration. At a higher concentration, the peak height showed a tendency to level off, meaning that the amount of XOD in the carrier stream became too excessive compared with that of allopurinol. From this result, we selected a 200-mU/ml XOD concentration as the optimal condition in subsequent experiments.
The next experiment was carried out to survey the effect of 107 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 xanthine concentration on the peak height and the baseline (Fig.  5) . With an increase in the xanthine concentration, the baseline current decreased, and rapidly got a steady state; however, the peak height showed a maximum value around of 0.25 -0.5 mM, and then almost linearly decreased up to 1.0 mM. At higher concentrations, the amount of xanthine became too excessive compared with the injected allopurinol.
Thus, 0.5-mM xanthine, at which the peak height nearly maximized and baseline current minimized, was assigned as the optimal substrate concentration for the system.
The effect of the flow rate on the baseline and the peak height was examined, as shown in Fig. 6 . When the flow rate varied from 0.4 to 1.0 ml/min, the baseline current increased, but the peak height nearly linearly decreased, meaning that the high flow rate was disadvantageous for the enzymatic reaction. On the other hand, a lower flow rate was disadvantageous for a higher sampling frequency. For these reasons, a flow rate of 0.5 ml/min was selected for xanthine-XOD reaction.
Similarly, in order to obtain a suitable length of the mixing coil, we performed an experiment with various-length coils. Figure 7 shows the effect of the mixing coil length on the baseline and the peak height. With an increase in the mixing coil length, the baseline decreased, but the peak height increased and reached the maximum at 2 m. However, if the mixing coil is longer than 2 m, this is obviously unuseful for experiments due to the duration of the assay. Therefore, a 2-m mixing coil was selected to be the optimal length for the FIA system in the xanthine-XOD assay.
With those optimized parameters, the sampling frequency was about 10 samples per hour. This performance is quite high and convenient for screening a large number of samples, compared with the corresponding batch method (15 min/assay).
Next, we examined the relationship between the concentrations of two common XOD inhibitors (quercetin and allopurinol) and those concentrations.
A concentrationdependent response for allopurinol was observed in the range 0.1 -1.5 mM (Fig. 8) . A similar relationship was recognized for quercetin, but the slope was approximately double (Fig. 8) . The reproducibility was better than 3% for a repetitive determination (n = 3) of 1.0 mM quercetin (RSD = 2.7%).
Application of FIA to practical food samples
An assay of the XOD inhibitory activity of samples was carried out using the present FIA system. Fifteen samples (four kinds of onion, four products of green tea, three kinds of black tea and four species of apple) were investigated. After constructing a calibration graph of various standard quercetin concentrations against the response of the current value (µA) (Fig. 8) , we calculated the inhibitory activity of the samples. Assuming that all of the XOD inhibitors present in each sample were quercetin (molecular weight is 338.3), we estimated the quercetin-equivalent XOD inhibitor contents of the samples (Table 1 ). In addition, in order to confirm if the XOD inhibitory activity was caused by quercetin or other flavonoid compounds, we determined the quercetin content of food samples by HPLC and the spectrophotometric method.
Among the analyzed samples, green teas had the highest quercetin contents, the second was black teas, the third was onions, and the last one was apples. In a comparison with the known data of the quercetin content in those foods, 10, 12, 15 we confirmed that the quercetin contents of the investigated samples almost corresponded to the known previous studies.
As we know, quercetin plays an important role in the contribution of XOD inhibition. Moreover, this flavonol predominates in fruits and vegetables. Figure 9 shows the relationship between the XOD inhibitor content obtained by the present FIA method and the concentration of quercetin. A linear relationship between them was recognized with a correlation coefficient of 0.964, suggesting that the XOD inhibitory activity of those samples depends on the presence of quercetin. However, the slope of the regression curve was about 0.28, reflecting that the contribution ratio of quercetin to the XOD inhibitory activity of those samples is about 28%. Thus, the components other than quercetin were suggested to contribute to the activity. Once these elements are isolated, they 108 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 Fig. 7 Effect of the mixing coil length on the baseline and the peak height for allopurinol. XOD, 200 mU/ml; xanthine, 0.5 mM; flow rate, 0.5 ml/min; allopurinol, 3.0 mM. 
